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Background: In computer-assisted reconstructive surgeries, the contralateral anatomy is established as the best
available reconstruction template. However, existing intra-individual bilateral differences or a pathological, contra-
lateral humerus may limit the applicability of the method. The aim of the study was to evaluate whether a statistical
shape model (SSM) has the potential to predict accurately the pretraumatic anatomy of the humerus from the post-
traumatic condition.
Methods: Three-dimensional (3D) triangular surfacemodels were extracted from the computed tomographic data of 100
paired cadaveric humeri without a pathological condition. An SSM was constructed, encoding the characteristic shape
variations among the individuals. To predict the patient-speciﬁc anatomy of the proximal (or distal) part of the humerus
with the SSM, we generated segments of the humerus of predeﬁned length excluding the part to predict. The proximal and
distal humeral prediction (p-HP and d-HP) errors, deﬁned as the deviation of the predicted (bone) model from the original
(bone) model, were evaluated. For comparison with the state-of-the-art technique, i.e., the contralateral registration
method, we used the same segments of the humerus to evaluate whether the SSM or the contralateral anatomy yields a
more accurate reconstruction template.
Results: The p-HP error (mean and standard deviation, 3.8 ± 1.9) using 85% of the distal end of the humerus to
predict the proximal humeral anatomy was signiﬁcantly smaller (p = 0.001) compared with the contralateral regis-
tration method. The difference between the d-HP error (mean, 5.5 ± 2.9), using 85% of the proximal part of the
humerus to predict the distal humeral anatomy, and the contralateral registration method was not signiﬁcant (p =
0.61). The restoration of the humeral length was not signiﬁcantly different between the SSM and the contralateral
registration method.
Conclusions: SSMs accurately predict the patient-speciﬁc anatomy of the proximal and distal aspects of the humerus.
The prediction errors of the SSM depend on the size of the healthy part of the humerus.
Clinical Relevance: The prediction of the patient-speciﬁc anatomy of the humerus is of fundamental importance for
computer-assisted reconstructive surgeries.
R
estoration of the normal humeral anatomy is one of
the ultimate goals in reconstructive surgeries of the
proximal and distal aspects of the humerus1-7.
Computer-assisted methods become increasingly impor-
tant as they support the surgeons in achieving this goal.
Three-dimensional (3D) preoperative planning and intra-
operative navigation techniques have been proposed for
shoulder and elbow replacement surgeries3,8-12, for proximal
humeral fractures13-15, as well as for corrective osteotomies of the
proximal and distal aspects of the humerus4,7,16. This planning
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and navigation is made more difﬁcult if the proximal or distal
humeral anatomy is altered because of a fracture, malunion, or
osteoarthritis. In such cases, the most critical step for achieving
the ultimate goal of restoring normal humeral anatomy is the
accurate preoperative assessment of the deformity7. The current
state-of-the-art of 3D deformity assessment relies on compar-
ison of the pathological bone model with a reconstruction
template representing the normal anatomy. Typically, the mir-
rored contralateral model is selected as the most appropriate 3D
reconstruction template4,6,7,13,16. For the assessment of the
deformity, 3D surface models of the pathological humerus and
the contralateral (healthy) humerus are generated with the use
of computed tomography (CT) scans of both sides. A surface
registration method is applied to superimpose the pathological
model on the reconstruction template and to quantify the
deformity. However, most methods presented to date4,6,7,16 rely
on a healthy contralateral anatomy and, therefore, the appli-
cability of the 3D computer-assisted planning is limited if both
sides have a pathological condition.
Another approach would be to use a statistical shape
model (SSM), a computer-generatedmodel encoding the variation
within the population, to predict the pretraumatic anatomy of
the humerus from the healthy parts of the posttraumatic bone
models. In a clinical setting, for example, the proximal part of
the humerus might be pathological (i.e., fractured or mal-
united). The humeral segment distal to the pathological area
can be used to predict the proximal anatomy. The size of the
distal humeral segment is thereby determined according to the
extent of the pathological region.
The aims of the present study were to evaluate the
accuracy of the prediction of an SSM and to analyze the
inﬂuence of the size of the healthy part of the humerus on
the prediction of the proximal or distal humeral anatomy.
For comparison with the state-of-the-art method, we evalu-
ated, using the same segments of the humerus, whether the
SSM or the contralateral anatomy yielded a more accurate
reconstruction template.
Materials and Methods
Three-dimensional triangular surface models of 100 pairedhumeri (50 right and 50 left) without a pathological
condition were created from the data from full-body CTscans
Fig. 1
Figs. 1-A through 1-E Deﬁnition of the segments. Fig. 1-A The right-side humeral models were subdivided into segment models of different
lengths. Fig. 1-B For the prediction of the proximal part of the humerus (proximal prediction), we created segments of the distal humerus of
predeﬁned length: 50%, 75%, or 85% of the humerus (blue segments). Fig. 1-C The head segment (orange) was used to quantify the proximal
humeral prediction (p-HP) errors. Fig. 1-D For the prediction of the distal part of the humerus (distal prediction), we created segments of the
proximal part of the humerus of predeﬁned length: 50%, 75%, or 85% of the humerus (green segments). Fig. 1-E The elbow segment (orange) was
used to quantify the distal humeral prediction (d-HP) errors.
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of 50 cadaveric specimens. The CT data were provided by the
Swiss Institute for Computer Assisted Surgery (SICAS) and
were acquired using either a Siemens Somatom Emotion 6
or a Siemens Somatom Deﬁnition Flash CT scanner. The in-
plane (xy) resolution of the CT scans ranged between 0.9 ·
0.9 mm and 1.27 · 1.27 mm. The slice thickness varied from
0.5 to 0.6 mm. The average age of the individual donors was
52.1 ± 20.0 years (median, 52 years; range, 19 to 90 years).
There were 32 male and 18 female cadavers. The average
height (and standard deviation) was 172.4 ± 8.7 cm (median,
171 cm; range, 154 to 187 cm), and the average weight was
68.4 ± 16.9 kg (median, 68 kg; range, 37 to 108 kg). Seg-
mentation of the humeri was performed in an automatic
fashion using a previously described segmentation algo-
rithm17. Three-dimensional triangular surface models were
created using the marching cubes algorithm18. The models
were also used in previous studies6,19.
Generation of the SSM
For the SSM, we used the models of the 50 right humeri. The
3D triangular meshes were brought into correspondence
using a nonrigid registration algorithm20. Subsequently, all
meshes were rigidly aligned using Procrustes alignment21 to
1 humeral model. An SSM of the aligned meshes was built by
performing a principal component analysis22. Hence, the
resulting SSM encoded the mean shape of the humeri as well
as the variation within the study population, which is rep-
resented by the principal components. The SSM was created
using the open source software Scalismo (University of
Basel), which was developed and has been maintained by
one of the authors of the present study. The mathematical
details of the statistical shape modeling have been described
previously23.
Evaluation Method for the SSM
Leave-one-out cross-validation was performed to evaluate
the accuracy of the prediction. We deﬁned the term proximal
prediction as the use of prior knowledge of a distal humeral
segment to predict the proximal humeral anatomy. In a similar
manner, we deﬁned the term distal prediction. To predict an
assumed pathological part of a selected humerus, an SSM was
calculated from all remaining humeri (49 humeri) except the
selected one. The experiments were repeated for all 50 right
humeri. To simulate the clinical situations and particularly to
evaluate the effect of the size of the segments on the prediction
error, we created segments of predeﬁned length (prior
knowledge) excluding the part to predict in a standardized
fashion (Fig. 1). Subsequently, the shape variation of the SSM,
Fig. 2
Figs. 2-A through 2-E Evaluation of the humeral prediction error of the SSM and the contralateral registration error of the CRM. Fig. 2-A Illustration of the
original bonemodel with the distal-50% segment (blue) used to predict the proximal humeral anatomy or for the registration with the mirrored contralateral
model. The head segment (orange) is used to quantify the prediction error or the contralateral registration error. Fig. 2-B The predictedmodel (SSM) or the
mirrored contralateralmodel (CRM) is usedasa reconstruction template.Fig. 2-CAfter registrationof thedistal segment (blue segment) of the original bone
models and the reconstruction template, the difference between the original bone model (orange) and the prediction (yellow) becomes obvious. Fig. 2-D
The ICP algorithmwas used to superimpose the head segment (red) of the original bonemodel on the predicted bonemodel. Fig. 2-E The 3D rotation of the
head segment between the distal registration (orange) and the proximal registration (red) was expressed in axis-angle representation. This corresponds to
the prediction error if the predicted model was used as a reconstruction template and to the contralateral registration error if the mirrored contralateral
model was used as a reconstruction template.
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which was the best ﬁt for these segments, was determined and
used as a predictor for the remaining humerus. For the
proximal predictions, we deﬁned the distal 50%, 75%, or 85%
of the humerus as prior knowledge (Fig. 1). For the distal
predictions, we deﬁned the proximal 50%, 75%, or 85% of
the humerus as prior knowledge (Fig. 1). We analyzed the
humeral prediction (HP) error, which is deﬁned as the
deviation of the predicted (bone) model from the original
(bone) model (Figs. 1-C and 1-E).
In total, we performed 6 predictions for each humerus.
We calculated the errors for the 3 proximal humeral
predictions (p-HPs): p-HP-50, p-HP-75, and p-HP-85, with
the distal 50% (dist-50), dist-75, and dist-85 segments used
as prior knowledge (Fig. 1-B). Likewise, we calculated
the errors for the 3 distal humeral predictions (d-HPs): d-HP-50,
d-HP-75, and d-HP-85, with the proximal 50% (prox-50),
prox-75, and prox-85 segments used as prior knowledge
(Fig. 1-D).
We calculated 50 SSMs with 49 models each. With these
SSMs, we performed 6 predictions (with 3 proximal and 3
distal segments), resulting in 300 predictions in total.
Quantification of the Prediction Errors
The aim of reconstructive surgery, i.e., the use of corrective
osteotomy or shoulder replacement surgery in the case of an
altered proximal humeral anatomy, is to restore the orientation
of the humeral head and of the humeral length. Any deviation
of the predicted model from the original model results in an
error in the restoration of the humeral anatomy. For the
quantiﬁcation of the errors, we used a method similar to the
current state-of-the-art technique of 3D preoperative defor-
mity assessment in corrective osteotomies of the humerus4,6,7,16,
hereafter termed the contralateral registration method (CRM).
The main difference is that, in the CRM, the mirrored con-
tralateral (bone) model is the reconstruction template, while in
the SSM method, the predicted model is the reconstruction
Fig. 3
Proximal humeral prediction (p-HP) errors and proximal humeral contralateral registration (p-HCR) errors. Boxplots illustrate the p-HP errors and the p-HCR
errors basedon the segments of the distal part of the humerus thatwere used for the prediction of theSSMor for theCRM. Theends of thewhiskers indicate
1.5 times the IQR between the lower and upper quartile, and outliers are denoted with a circle.
TABLE I Proximal Humeral Prediction Errors and Proximal Humeral Contralateral Registration Errors for Each Selected Segment and P Values of
the Post Hoc Analysis*
p-HP Error or p-HCR Error (deg) P Value†
Segment Mean SD Median Range p-HP-75 p-HP-50 p-HCR-85 p-HCR-75 p-HCR-50
p-HP-85 3.8 1.9 3.8 1.1-9.2 <0.0001 <0.0001 0.001 <0.001 <0.001
p-HP-75 6.1 3.2 5.0 1.3-16.3 <0.0001 0.80 0.79 0.40
p-HP-50 8.9 5.6 6.3 2.5-25.7 0.03 0.04 0.09
p-HCR-85 6.5 4.7 5.5 0.8-23.5 <0.0001 <0.0001
p-HCR-75 6.5 4.6 5.5 0.8-20.4 <0.0001
p-HCR-50 6.9 4.6 6.3 0.8-19.3
*The Friedman rank-sum test revealed a signiﬁcant effect of the selected segments on the p-HP and p-HCR errors (chi-square, 61.5; p < 0.0001).
SD = standard deviation, p-HP = proximal humeral prediction, and p-HCR= proximal humeral contralateral registration. †Wilcoxon signed-rank tests
were performed for post hoc analysis with Bonferroni correction (padj = 0.05/15, or approximately 0.0033, was signiﬁcant).
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template. To compare the accuracy of the reconstruction
templates of the SSM and the CRM in a standardized way, we
used the same humeral segments for the CRM as for the SSM.
We superimposed the original model (Fig. 2-A) on the
reconstruction template (Fig. 2-B), using the surface registra-
tion method termed iterative closest point (ICP)24,25. For the
p-HP error, we ﬁrst performed the distal registration by
aligning the distal segments of the original model and the
predicted model (Fig. 2-C). Thereafter, we performed the
registration of the proximal head segment onto the predicted
model (Fig. 2-D). The relative 3D rotation and 3D translation
of the head segment between distal (Fig. 2-C) and proximal
registration (Fig. 2-D) quantiﬁes the p-HP error. The d-HP
errors were assessed accordingly for the distal prediction. The
rotational components of the prediction errors were expressed in
axis-angle representation (Fig. 2-E), i.e., rotation by a 3D angle
about a single ﬁxed axis26. The major advantage of this repre-
sentation is that it does not depend on a coordinate system. In
contrast, when using Euler angles (i.e., rotations around 3 axes
of a coordinate system, representing, for example, the errors in
inclination or retroversion), the rotation around 1 axis also
inﬂuences the rotation around another axis. Note that the 3D
angle includes errors of both inclination and retroversion and is
at least as large as the smallest of these errors. The translational
components of the prediction errors were expressed as the dif-
ference in humeral length between the predicted and the original
model. The humeral length was expressed as the length of the
longest side of the oriented bounding box of the humerus as
described by Vlachopoulos et al.6
CRM
For the CRM, we used the mirrored contralateral models of the
50 left humeri as a reconstruction template. We analyzed
the humeral contralateral registration (HCR) error, deﬁned as
the deviation of the mirrored contralateral model from the
original model, in a manner similar to that for the SSM.
Fig. 4
Distal humeral prediction (d-HP) errors and distal humeral contralateral registration (d-HCR) errors. Boxplots illustrate the d-HP errors and the d-HCR errors
basedon thesegmentsof theproximal part of thehumerus thatwere used for thepredictionof theSSMor for theCRM.Theendsof thewhiskers indicate1.5
times the IQR between the lower and upper quartile, and outliers are denoted with a circle.
TABLE II Distal Humeral Prediction Errors and Distal Humeral Contralateral Registration Errors for Each Selected Segment and P Values of the
Post Hoc Analysis*
d-HP Error or d-HCR Error (deg) P Value†
Segment Mean SD Median Range d-HP-75 d-HP-50 d-HCR-85 d-HCR-75 d-HCR-50
d-HP-85 5.5 2.9 5.5 1.1-11.6 <0.0001 <0.0001 0.61 0.94 0.25
d-HP-75 8.7 4.6 8.6 1.5-17.9 <0.0001 0.001 0.007 0.05
d-HP-50 9.9 5.7 9.3 1.6-21.8 <0.0001 <0.001 0.09
d-HCR-85 5.2 3.7 4.0 1.1-17.7 <0.0001 <0.0001
d-HCR-75 5.7 4.3 4.7 1.3-17.7 <0.001
d-HCR-50 6.7 4.5 5.7 0.7-20.5
*The Friedman rank-sum test revealed a signiﬁcant effect of the selected segments on the d-HP and d-HCR errors (chi-square, 52.1; p < 0.0001).
SD = standard deviation, d-HP = distal humeral prediction, and d-HCR = distal humeral contralateral registration. †Wilcoxon signed-rank tests were
performed for post hoc analysis with Bonferroni correction (padj = 0.05/15, or approximately 0.0033, was signiﬁcant).
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In total, we yielded the 6 HCR errors per humerus,
including 3 proximal HCR errors, p-HCR-50, p-HCR-75, and
p-HCR-85, with the dist-50, dist-75, and dist-85 segments used
for the registration; and 3 distal HCR errors, d-HCR-50,
d-HCR-75, and d-HCR-85, with the prox-50, prox-75, and
prox-85 segments used for the registration.
Statistical Analysis
The Mauchly sphericity test revealed a violation of the
assumption of sphericity. Therefore, we applied the nonpara-
metric Friedman rank-sum test with the segment as a group
factor and the individuals as a block factor to analyze the effect
of the deﬁned segments on the HP error and the HCR error, as
well as on the error in humeral length. Post hoc analysis was
performed with the Wilcoxon signed-rank test and Bonferroni
adjustment. The signiﬁcance level was set at p < 0.05. For
graphical visualization, Tukey boxplots were used, with the
ends of the whiskers indicating 1.5 times the interquartile range
(IQR) between the lower and upper quartiles, and outliers
denoted with a circle. The mean, standard deviation, median,
and range of the error in humeral length as well as the rota-
tional errors were calculated from the absolute values.
Results
Restoration of the Proximal Part of the Humerus
The p-HP-85 error was signiﬁcantly smaller than anyother error. The p-HP-75 error was signiﬁcantly smaller
(p < 0.0001) than the p-HP-50 error (Fig. 3, Table I).
Fig. 5
Differences in humeral length. Boxplots illustrate the error in humeral length if the contralateral anatomy is used as a reconstruction template (contra) or as
the difference between the predictedhumeral anatomyand the original bonemodels. Theends of thewhiskers indicate1.5 times the IQRbetween the lower
and upper quartile, and outliers are denoted with a circle.
TABLE III Comparison of Humeral Length Errors in the Contralateral Registration Modeling and Statistical Shape Modeling
Length Error* (mm) P Value†
Segment Mean SD Median Range p-HP-85 p-HP-75 p-HP-50 d-HP-85 d-HP-75 d-HP-50
Contra. 2.7 2.5 1.8 0.0-10.0 0.02 0.57 0.03 0.32 0.19 0.37
p-HP-85 1.6 1.1 1.5 0.0-4.6 0.002 <0.0001 0.02 0.002 <0.001
p-HP-75 2.8 2.2 2.7 0.0-11.1 0.003 0.25 0.19 0.53
p-HP-50 4.2 3.6 3.4 0.1-15.0 <0.001 0.20 0.24
d-HP-85 2.4 2.0 1.8 0.1-9.7 0.02 0.04
d-HP-75 3.5 3.1 2.8 0.3-11.7 0.87
d-HP-50 3.4 3.0 2.8 0.0-12.7
*For the contralateral registration model (Contra.), the mean humeral length error represents the difference between the bilateral humeri of each
individual patient. For the remaining (statistical shape) models, the mean errors represent the difference between each individual patient’s
humeral anatomypredicted from theentire populationandof theoriginal bonemodel for thesamepatient. All valuesare calculated from theabsolute
differences. The Friedman rank-sum test revealed a signiﬁcant effect of the selected segments on the humeral length (chi-square, 19.7; p = 0.003).
SD = standard deviation, p-HP = proximal humeral prediction, and d-HP = distal humeral prediction. †The p values are from the post hoc analysis.
The Wilcoxon signed-rank test was performed for post hoc analysis with Bonferroni correction (padj = 0.05/21, or approximately 0.0023, was
signiﬁcant).
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Restoration of the Distal Part of the Humerus
The d-HPerrors were not signiﬁcantly different from the d-HCR
errors with the same segments (p ‡ 0.007) (Fig. 4, Table II).
Restoration of the Humeral Length
The error in length did not differ signiﬁcantly between use of
the SSM (reﬂecting a prediction based on the entire popula-
tion) and use of the CRM (reﬂecting only the same individual).
(Fig. 5, Table III).
Discussion
The reliability of the reconstruction template is of funda-mental importance7,19 since any deviation from the original
model results in an error in the restoration of the humeral
anatomy. The contralateral anatomy has been proposed as the
best available reconstruction template4,7,27-29. Furthermore, recent
studies have highlighted the potential of SSMs for predicting the
normal bone anatomy5,30. We evaluated whether an SSM has the
potential to accurately predict the pretraumatic anatomy of
the proximal and distal parts of the humerus. We analyzed the
accuracy of the reconstruction templates, i.e., the predicted
models of the SSM and the mirrored contralateral anatomy.
Note that, in the present study, we used humeral models
without a pathological condition, since it is the only possible and
correct way to analyze the accuracy of a new method. Therefore,
in an ideal case, the reconstruction template and the original
model should be identical, and the error should be zero.
We demonstrated that the prediction errors of the SSM
depend on the size of the part of the bone used for the ﬁtting of
the SSM. Therefore, the whole healthy segment of the humerus
should be used for the prediction of the anatomy when the
method is used clinically. The HCR errors also decreased sig-
niﬁcantly with increasing size of the healthy part of the
humerus. However, the size effect of the healthy part was
smaller for the CRM than for the SSM.
Our study independently obtained results similar to
those in the work recently reported by Poltaretskyi et al.5. Since
the results from both studies are in agreement, these ﬁndings
support the ability of SSMs to predict the pretraumatic anat-
omy of the humerus. The results of the proximal prediction
with the dist-85 segment can be compared with the “missing
epiphysis and metaphysis” results in the study by Poltaretskyi
et al.5. However, our prediction error (mean, 3.8 ± 1.9)
includes both errors in retroversion and retrotorsion and was
not larger than any of the errors of retroversion (mean, 3.8
± 2.9) and inclination (mean, 3.9 ± 3.4) in the study by
Poltaretskyi et al.5. Similarly, the error in the restoration of the
humeral length was smaller with our SSM (mean, 1.6
± 1.1 mm) compared with the previous study (mean, 2.4
± 1.9 mm)5. While both studies demonstrated the value of
SSMs, we also systematically analyzed the effect of the size of
the segments used for the SSM and the prediction of the distal
humeral anatomy and compared the results of the SSM with
those of the current state-of-the-art method.
It is well accepted that initial malpositioning of a
shoulder prosthesis, i.e., for proximal humeral fractures, with
excessive height and retroversion is associated with a failure
involving poor functional outcome31. However, to our
knowledge, the exact amount of clinically acceptable devia-
tion from the normal humeral anatomy in restoration of the
humeral length or angular orientation of the humeral head
component is not known. Huffman et al.32 demonstrated in a
biomechanical study that inferior malpositioning of ‡10 mm in
height during hemiarthroplasty leads to signiﬁcant alterations in
glenohumeral joint forces, but smaller malpositioning was not
investigated. The same applies for the angular orientation of
articulating components, in which the maximum acceptable
deviation is not yet known. Furthermore, intraoperative land-
marks, i.e., the pectoralis major tendon33, were proposed as
reliable landmarks to restore the humeral length during surgery.
Assuming that the distal 75% of the humerus is healthy, i.e., in the
presence of a proximal humeral fracture, the mean error in res-
toration of the humeral length with the proposed SSM is only
2.8 mm, and the standard deviation is smaller (2.2 mm versus
5.0 mm) compared with using the pectoralis major tendon as a
reference.
The accuracy with which the SSM predicted the anat-
omy of the distal part of the humerus was comparable with
that previously reported for the CRM4,16. The differences
between the SSM and CRM for the reconstruction of the
proximal humeral anatomy were not signiﬁcant if the 50% or
75% segments were used. However, the p-HP-85 error was
signiﬁcantly smaller than any other error. Therefore, the SSM
outperforms the CRM in selected cases. There was no sig-
niﬁcant difference in humeral length between the predicted
anatomy and the contralateral anatomy. Since the contra-
lateral anatomy is assumed to be a reliable reconstruction
template for the humeral length6, we can conclude this also
for the SSM. The main beneﬁts of the SSM are that the
acquisition of a CT scan of the contralateral anatomy is not
necessary and the method is applicable even if bilateral
pathological conditions are present.
One limitation of the present study is that the inﬂu-
ence of an additional pathological condition in the assumed
healthy proximal or distal segment was not analyzed and,
therefore, the method might not be applicable if a combined
proximal and distal posttraumatic deformity is present. On
the contrary, however, Vlachopoulos et al. recently demon-
strated that the CRM might still be applicable if a combined
proximal and distal deformity is present, by deﬁning seg-
ments closer to the area of interest19. Furthermore, the
prediction errors of the SSM depend more on the size of the
healthy part of the humerus than the CRM errors do.
Although it is unlikely that >50% of the humerus is patho-
logical and has to be predicted, the CRM in such cases might
outperform the SSM. Another limitation is that no addi-
tional knowledge was included (neither for the generation of
the SSM nor for the prediction). It is reasonable to assume
that the prediction might improve if we incorporate more
information about the patient (i.e., sex and race) as pre-
sented by Blanc et al.34. The CT data were acquired with 2
different scanners and different settings. While this might be
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also realistic for a clinical setting, the use of whole body scans
might have negatively inﬂuenced the quality of the data
and the prediction results. Furthermore, the accuracy of an
SSM depends on the size of the training data. In future work,
it would be interesting to evaluate the robustness of our
method and the convergence in error reduction with a larger
sample size. The fact that we might not yet have found the
optimal method is, in our opinion, a reason for being
optimistic about the SSM and would not change our con-
clusions in any way. In our experience, both methods
(SSM and CRM) have their beneﬁts and limitations, and
therefore both approaches are not mutually exclusive or
competitive but rather are complementary. Finally, it is not
known how large an error in the SSM becomes of clinical
importance.
In conclusion, SSMs accurately predict the patient-
speciﬁc pretraumatic anatomy of the proximal and distal parts
of the humerus. The prediction errors of the SSM depend on
the size of the healthy part of the humerus.
Therefore, SSMs are a valuable alternative to the CRM
using the mirrored contralateral anatomy as a 3D reconstruc-
tion template. These ﬁndings are particularly important when a
CT scan of the contralateral anatomy is not available or if
bilateral pathological conditions are present. n
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